The polymer residues still present on a chemical vapourdeposited graphene surface after its wet transfer by the poly(methyl methacrylate) method to the arbitrary substrates, tend to cause problems such as electrical degradation and unwanted intentional doping. In this study, by using an effective cleaning method for the graphene surface by airassisted plasma, the graphene surface was cleaned significantly without damaging the graphene network, which resulted in the reduction (approx. 71.11%) of polymer residues on its surface. The analysis reveals that this approach reduced the D-band (impurities, polymer residues) formation while maintaining the π-bonding of the graphene, which affects conductivity. By characterizations of the optical microscope, Raman spectroscopy and atomic force microscopy, we obtained a significantly cleaner graphene surface (roughness of 4.1 nm) compared to pristine graphene (roughness of 1.2 nm) on a SiO 2 substrate. In addition, X-ray photoelectron spectroscopy data revealed that the C1s peak of the air-assisted graphene film was higher than the one of a pristine graphene film, indicating that a cleaner graphene surface was obtained.
Introduction
Graphene, an sp 2 -plane-bonded carbon atom structure with honeycomb crystal lattice and a zero band gap semiconductor with mass-less charge carriers, has attracted huge research interest during the last few years owing to its anomalous properties such as very high carrier mobility, extremely high mechanical strength and optical transparency, electrical conductivity, chemical stability and thermal conductivity [1] [2] [3] [4] [5] [6] [7] [8] , and that is the reason graphene is being observed as a potential material for next-generation semiconductor devices that would replace silicon-based technology. Owing to being an atomically thin material, every atom of graphene has access to the surface that is directly responsible for its electronic and chemical activity. form cannot be used owing to the absence of band-gap and high sheet resistance [9] . The graphene synthesized by using thermal chemical vapour deposition (CVD) and other methods exhibits a lot of defects and polymer residues on the surface, which in turn, lowers its electrical conductivity.
Therefore, many previous studies have demonstrated how to remove poly(methyl methacrylate) (PMMA) residues from the graphene surface by the use of methods such as use of wet chemicals like acetone [10, 11] , cleaning by chloroform or toluene [12] , by N-methyl-2-pyrrolidone [13] , by diazonium salt [14] ; a modified Radio Corporation of America (RCA) cleaning process and mechanically sweeping away the contamination [15] ; oxygen plasma and reactive ion etching treatment for a short time [10, 11, 14] ; mechanical method: an atomic force microscope (AFM) tip can remove all residue (theoretically without damaging the sample) in a contact mode [16] ; annealing in high temperature [10, 11, 17, 18] ; current annealing [19] or by acetic acid [20] . However, these techniques involve either complicated wet chemistry or are limited to cleaning a local area only. A PMMA thin layer is known to modify graphene surface properties and to cause weak p-doping; however, removing the PMMA residue is more difficult than it seems. It cannot be dissolved with any known organic solvents. To obtain a clean surface, graphene samples are often thermally treated (150-400°C) to burn off the PMMA residue after a series of device processes.
Until now, there has been no effective method for complete removal of polymer residues, even using the chemical method (acid) or physical mechanism (Ar plasma cleaning) [21] , or both of them. The existence of at least a little polymer residues or defects is inevitable because of the nature of the CVD graphene surface (such as defects, grain boundaries, no uniformity). For instance, the PMMA and contaminants could be attached at the edges of wrinkles, or defects in the size of graphene domain and grain boundaries [22] , or bending of the graphene surface owing to the unpolished copper foil's high roughness surface and imperfect growth processing [23] . Consequently, the exploration of a new method of mitigation with removal of as much polymer residues as possible is necessary and desirable. Plasma treatment of graphene also proved helpful in cleaning of residue from the graphene surface and in fine-tuning the graphene properties [21, 24] . For example, an Ar inductively coupled plasma (ICP) was used to clean the graphene surface before fabricating the high-performance field effect transistor device [21] ; another report showed an efficient plasma method using hydrogen plasma reduction of ink-jet printed graphene oxide for fabrication of flexible graphene electrodes [24] . A strategy using airassisted plasma is one such effective method for removing the polymer residues effectively, which is carried out in this study.
Experimental

Experimental set-up
A plasma ICP source with a copper coil assisted by an air-assisted plasma source is taken. The plasma cleaning has been demonstrated at the condition of 13.56 MHz for 30-300 s. First, SiO 2 substrates were cleaned by wet cleaning (acetone (10 min), ethonol (10 min), IPA (10 min)), then cleaned by air-assisted plasma at a power of 18 W in 300 s and a flow rate at 49 ml min −1 , while graphene/SiO 2 was cleaned at 7 W in 30 s, and at 49 ml min −1 . Before the experiment, the vacuum pressure of the air-assisted plasma chamber was adjusted to about 2.5 Pa. For the synthesis of the graphene layer: graphene films were synthesized on Cu foil with X-ray diffraction (XRD) characteristics, as shown in the electronic supplementary material, figures S1 and S2a, by the CVD method. A Cu foil with an area of 6 × 4 cm 2 and thickness of 75 µm was placed into a CVD vacuum chamber with the quartz tube. First, the CVD chamber was cleaned by Ar (500 sccm) for 5 min and then filled with H 2 gas at a flow rate of 10 sccm; the Cu foil was annealed for 2 h at a temperature of 1050°C in an H 2 environment. Next, graphene was synthesized at 1050°C in the environment of H 2 /CH 4 (10/20 sccm) for 30 min, after which the chamber was cooled down to room temperature with H 2 gas (10 sccm) for 2 h.
Characterization
The following techniques were used for this purpose. Optical microscopy (OM) (AXIO, Carl Zeiss) was used to observe the morphology of the graphene surface and the SiO 2 substrate before/after cleaning with air-assisted plasma. An AFM (Bruker Dimension Icon) (mode (tapping), cantilever tip (thickness: 4 µm, length: 125 µm, width: 40 µm, frequency: 320 kHz), spring constant (42 N m −1 )) was used to measure the surface roughness of the graphene surface before/after cleaning with air-assisted plasma. X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi, Thermo Scientific) with a Mg Kα twin-anode source and with a take-off angle of 45°was used to characterize of C1s peaks of graphene films with the pressure in chamber calibration at 1-10 mbar and the pass energy of approximately 57 eV. Raman spectroscopy (514 nm, Ar + ion laser, Renishaw, RM-1000 Invia) with an excitation energy of 2.41 eV was used for the characterization of the graphene films. An XRD (Ultima IV) was used to observe the orientations of the Cu foil.
Results and discussion
As shown in figure 1a , a schematic of the CVD system for graphene growth is presented in detail in the experiment set-up. All samples were treated and cleaned with the air-assisted plasma system, as designed in figure 1b . Figure 1c shows a sequence of graphene transfer by the PMMA method and airassisted plasma cleaning of the graphene surface located on the cleaned SiO 2 substrate. In this study, lowpressure air plasma was used for the cleaning of graphene surfaces. Actually, the surface modification of flexible materials and electronic devices (e.g. graphene has good mechanical and flexible properties) has been well investigated in the previous reports [25, 26] . The OM images of CVD graphene grown on a Cu foil with graphene domains showed white points (in the electronic supplementary material, figure S2b,c) which indicated impurities on it during CVD graphene growth. Besides a hexagonal shape, the graphene domains also were pentagonal with nonsymmetric morphology, as shown in the AFM image in figure 2a. For further investigation, the Raman spectra were carried out for the as-received Cu foil and the graphene grown on Cu (figure 2b). In the case of the as-received Cu foil, Raman data showed no signal, while the D, G and 2D peaks presented in the case of graphene/Cu as typical fingerprints of graphene identification.
The SiO 2 wafer even packaged in the box from the company, however, still shows a lot of tiny impurities on its surface. Consequently, further cleaning is necessary by wet cleaning (acetone, ethanol and deionized (DI) water) and dry cleaning (air-assisted plasma) to obtain an ultra-clean SiO 2 surface. Before transferring the graphene/Cu on to the SiO 2 substrate, the SiO 2 substrates were perfectly cleaned by air-assisted plasma for 5 min for removing impurities on its surface, which still existed after rinsing by acetone, ethanol and DI water for 20 min with each chemical, as shown in the OM images in figure 3a,b. After obtaining the ultra-clean SiO 2 surface, graphene/Cu was transferred onto it by a kind of popular polymer named PMMA (figure 3c). Actually, the PMMA chemical still remained as polymer residues on graphene/SiO 2 even after acetone rinsing (20 min) owing to weak van der Waal interactions and chemical bonding at the interface between the PMMA and graphene films. Therefore, it requires a cleaning process to remove as much polymer residues as possible. Consequently, a very clean graphene surface on SiO 2 was obtained after 30 s of air-assisted plasma treatment (figure 3d). To investigate this cleaning effect, the AFM data were taken for investigation on the graphene/SiO 2 surface before and after air-assisted plasma cleaning at the same position (figure 4). As a result, after plasma treatment, the roughness of the graphene surface decreased from 4.1 nm to 1.2 nm, about a 71.11% reduction.
A demonstration by Raman spectra was carried out for the cleaning effect. The Raman data (as shown in figure 4 ) were taken and obtained from the average value of six various spots on the graphene sample before and after air-assisted plasma treatment. The D peak presents as impurities and polymer residues reduced after air-assisted plasma cleaning of the graphene surface, without disordering of the graphene network (figure 5a). The XPS spectra were also studied in two cases of pristine graphene/Si and airplasma cleaned-graphene/Si (figure 5b). The C1s peak of air-plasma-cleaned graphene/Si showed a very high peak compared with pristine graphene/Si, indicating the attainment of a cleaner graphene surface. 
Conclusion
By an effective cleaning method for a graphene surface by air-assisted plasma, the graphene surface was cleaned significantly without disordering the graphene network, which results in reduction (approx. 71.11%) of polymer residues on its surface. Analysis reveals that this approach reduced the D-band (impurities, polymer residues) formation, which affects conductivity. By characterizations of OM and AFM images, and Raman spectroscopy, we obtained a significantly cleaner graphene surface (roughness of 1.2 nm) compared to pristine graphene (roughness of 4.1 nm) on the SiO 2 substrate. In addition, XPS data revealed that the C1s peak of the air-assisted graphene film was higher than the one of a pristine graphene film, indicating that a cleaner graphene surface was obtained. We believe that this cleaning method could be very useful for fabrication in graphene-based electronic applications in the future.
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